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FOREWORD

This report was prepared for the Aircraft Laboratory,
Wright Air Development Center, Wright-Patterson Air Force
tase, Ohic. The research and development work was accomplished
by Bolt Beranek and Newman Inc., Cambridge, Massachusetts,
under Air Force Contract No. AF 33(616)-5274, Project No. 1370,
"Aeroelasticity, Vibration and Noise", and Task No. 13786,
"Methods of Noise Prediction and Measurements". Mr. Joseph R.
Bengoechea of the Dynamics Branch, Aircraft Laboratory is
task engineer. Research was started 15 May 1957 and is
continulng. This report covers methods of predicting noise
levels and spectra inslde and on the surface of flight vehicles.
WADC -TN-58-189 will be issued describing a sonic facility
capable of testing flight vehicle structures in extremely high
intensity noise field. Two other reports will be published
under this contract: (a) a report describing a sonic facility
for testing airborne electronic components, %b) a report
covering evaluation of the alrborne electronic components
testing faclility and siren after final construction.
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ABSTRACT -

Detailed engineering procedures are presented for
estimatin, sound pressure levels on or within a flight
vehicle. The report i1s oriented for use by the aircraft
engineer in making preliminary estimates of nolse levels
on or 1n a vehicle, when the vehicle 1s still in the design
stage. Therefore, the procedures are expressed in terms of
general parameters (such as mechanical power, typical
dimensions, forward speed) which may be obtained to a satis-
factory degree of accuracy long before flight testing.

The filrst step in the procedure is the estimation of
noise levels exterior to the vehicle. Contributions from
the various sources of nolse that may be encountered are
estimated. The effects of forward speed and altitude on
exterior noise levels are considered in same detail.

Next, the basic noilse-transmitting properties of panel
structures are studied. The effects of coincidences, reso-
nances, damping, etc., are included.

Finally, the particular vehicle geometry of interest is
ccnsidered. The source and transmission properties already
determined can then be combined, with appropriate geometrical
corrections for the character of the receiving space, to yleld
the desired estimates of interior noise levels, '

Several examples. are worked out in detail to 1i1ustfate

the application of the report procedures to typical vehicle
configurations.

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER:

RANDALL D. KEATOR
Colonel, USAF
Chilef, Aircraft Laboratory

WADC TR 58-343 1ii




TABLE OF CONTENTS

Section
I, INTRODUCTION.
II. NOISE SOURCES
A. Power Plant Noise .,
1. Propeller Noise 5 o ol o b & &k
2;‘ Exhaust Noilse of Internal Combustion
Engines i o o ggo 0 o g 0 o o
3. Turbojet Ncise.
4, Missile Noise 5 o o ¥ .
5. Effects of Forward Motion and Ambient
Condition Changes on Turbojet and
Missile Noise . . 5 o o
B. Aerodynamlic Noise o
1. Boundary Layer Noise.
2. Pressure Fluctuations Caused by
Atmospheric Turbulence. 5
C. Noise of Internal Equipment

III. ESTIMATION OF PANEL TRANSMISSION LOSS

A.

B.

0@ U Q

Q

General Approach and Summary of
Procedures. g 5 .o O o 0 Q

Panel Motion as a Function of Frequency

l. Panel Transmission Loss 1in the
Stiffness-Controlled Region Below
Ma jor Resonance

2. Effective TL for Broad-band Noise of
Panel Resonance I

3. Acoustic Flanking Paths .

The Effect of Acoustical Blankets on TL .
Composite Panels.

Double-Wall Structures.

Transmission Loss feor Boundary Layer
Noilse Aol W R R e

Example

WADC TR 58-343 iv

10
11
13

17
25
25

28
33

37

~

4o
45

b5

49
50
51
52
53

55
56

=N "h I N N ey e -




Section

H.

Transmission Loss - Theoretical
Dlscussion.

1. Thin Plates 0
2. Thin Cylindrical Shells

IV. EFFECTS OF RECEIVING-SPACE CONFIGURATION ON
NOISE REDUCTION . o

A. Summary of Procedures for Estimating
Noise Reduction e e e e e e

B. Corrections for Recelving-Space Effects

C. Corrections to Noise Reduction Due to
Changes 1in Ambient Ccnditions

D. Noise Levels Due to a Sound Source
Within the Recelving Space.

E. Example

V. EXAMPLES.

BIBLIOGRAPHY.

FIGURES

APPENDIX.

WADC TR 58-343 v

Page

60
61
65

68

70
72

78
80
82
88
98
100-173
174




LIST OF ILLUSTRATIONS

Figure
1 Propeller Geometry Pertinent to
Near Field Propeller Noise Charts
2 Near Field Propeller Noise Chart - 1
— e 3 Near Field Propeller Noise Chart - 2
Variation of Overall, Free-Space
Propeller Noise Levels with Axial
Position Fore and Aft of Propeller
Plane
5 Near Field Propeller Nolse Spectra - 1
6 Near Fileld Propeller Nolse Spectra - 2
7 Near Field Propeller Noilse Spectra - 3
8 Geometrical Procedure for Determining LO 7
9 Contours of Overall Noise in Propeller
Plane, M, = 0.4
10 Spatial Distribution of Overall Propeller
Noise 1in Propeller Plane, M, = 0.6
11 Spatial Distribution of Overall Pro-
peller Nolse in Propeller Plane,
M, = 0.8 *~
12 Overall Acoustic Power Level of Far-Field
Nolise of 3-Bladed Propellers
13 Far Fleld Propeller Noise Spectrum
14 Overall Acoustic Power Level of Exhaust
Noise of Typlcal Internal Combustion
Engines ~
15 Spectrum of Exhaust Noilse of Typical
. Internal Combustion Engine
16 Near Sound Fileld of a Turbojet
17 Velocity Dependence of Near Fleld
Contour Values
q WADC TR 58-343 vi

[

s Ry e




Figure

18 Velocity Dependence of Overall SPL
Contour Pattern )

19 Spectrum of Jet Noise Near Field

20 Near Fleld Contour Value Correction

for Full Afterburner Operation
21 Efficlency for Jet Noise

22 Source Location as a Function of
Strouhal Number

23 Near Fileld Term

24 Reference Sound Pressure Level
Measured over Missile Surface

25 Variation of Engine Operating
Parameters with Forward Speed

26 - Effect of Forward Speed on Overall
SPL

27 Change in Sound Power Radiated by
Contemporary Turbojet Engines

28 Change in Sound Power Radiated
by Large Rockets

29 Correction Factor for Moving Medium

30 Variation of Engine Operating
Parameters with Altitude

31 Effect of Altitude on Overall SPL

32 Conversion Factor Relating APWL and
ASPL

(ASPL = APWL - AB)

33 Approximate Boundary Layer Pressures
from Measurements in Subsonic Ailrcraft

34 Dynamic Pressure as a Functlon of Mach
Number and Altitude

WADC TR 58-343 vii




Figure

35
36

37-42
43

4y

45
46

47

48

4o
50

51

52

53
54

WADC TR 58-343

Estimate of Boundary Layer Thickness
Typical SPL in Business Aircraft
Typical SPL in Commercial Aircraft

Typical SPL in Military Aircraft
Subsonic Jet Bombers

Typical SPL in Military Alrcraft
Subsonic Jet Fighters i

PWL Spectrum of Air Jet

Reference Mass-Law Transmission
Loss for Flat Panels

TL. for Panels Near and Above the
Co?ncidence Frequency, fc

Minimum TL at Panel Resonance, as
a Function of Mass Law TL Computed
at Resonance Frequency (TLM)

Chart Illustrating Procedures for
Estimating Transmission Loss, TLo

Effect of Curvature on Panel
Resonance Frequencies

Approximate Transmission-Loss
Increase (ATL) Due to Acoustical
Blankqts

Chart for Determining Effective
Transmission Loss, TL
Composite Panel Compasi vk

of a

Double Wall Resonance Frequency

Approximate Theoretical Behavior
of Double Wall Appreciably Above

Inter-lLeaf Resonance “Frequency, fo

viii

. e S




Figure
55

56

57
58

59

60

61

62

oU4

65

WADC TR 58-343

Estimation of Reference Transmission
Losa for a Passenger Aircraft Fuselage

Chart for Determining the First
Resonance Frequency, f,, and the
Sound Coincidence Freqiency, fc

Definition of Radiation Factor, s

Radiation Factor, s, for Traveling
Bending Waves on a Finite Portion of
an Infinite Plate

Contours of Equal Transmission Loss (db)
(Critical Frequency f = Lowest Value
of Coincidence Frequefily fc)

Transmission Loss Averaged over Angle
of Incidence T~

Free Flexural Wave Velocity, for
Aluminum or Steel Cylinder Not
Loaded by Fluids - n = O.

Free Flexural Wave Velocity, for
Aluminum or Steel Cylinder Not
Loaded by Fluids - n = 1

Free Flexural Wave Velocity, for
Aluminum or Steel Cylinder Not
Loaded by Fluids - n = 2

C,, Correction to TL_ for Stiffness
E}fect of Small Rece?ving Space

Approximate Statistical Absorptioh
Coefficient Agtat? for Several

Thicknesses of very Fine Fiber
Acoustical Blankets (No airspace
Behind Blanket)

ix




Figure
66

67

68

69

70
-
T2
73

T4

WADC TR 58-343

Approximate Average Statistical
Coefficient, Qgtat’ for Recelving

Spaces Treated with l-inch Thick
Aircraft-Type Acoustical Blanket

Approximate Average Statistical
Coefficient, Agtat? for Receilving

Spaces Treated with 2-inch thick
Aircraft-Type Acoustical Blanket

Approximate Average Statistical
Coefficient, Qotat? for Recelving

Spaces Treated with 4-inch Thick
Aircraft-Type Acoustical Blanket

C,, Correction to TL_ for Maximum
E?fect of Standing w8ves in
Medilum-Sized Receiving Space

C,, Correction to TL_., for Reverbera-
t%on in Large Receiv?ng Spaces

Correction to TL_ for Amblent
Conditions in Regeiving Space

Correction to C_ for Small
Recelving Space

Estimation of NR for a Passenger
Alrcraft Fuselage

Geometry for Example 3

et ol W D B W pm -

-




ommsest  (NEGME  GORSDS  ewwe

SECTION I
INTRODUCTION

Scope

This report contains procedures for estimating acoustic
noise in flight vehicles. It presents methods for estimating
sound pressure levels on the outside surfaces of a vehicle and
within vehicle apartments. Attention is concentrated on the
vehicle proper, and the estimation of sound pressure levels at
a distance 1s not considered.

This report 1is not intended to be a text on physical
acoustics. In general, formalism and mathematlical detaills
are minimized in an effort to present a workable set of en-
gineering charts and procedures. The material in this report
1s directed to the engineer concerned with the effects of
acoustical nolse on structures, electronic components or
other equipment, and personnel. The report i1s to be used
primarily to obtain preliminary estimates of noise levels
in the early design stages of future vehicles.

However, in some sections of the report, additional
mathematical details and background information have been
included. Thus, users of the report may extend the range of
applicabllity of the estimation procedures, and may adapt the
procedures to cases that are not specifically covered.

The sources of noise considered in Section II of this
report are described usually in octave bands of frequency n
the frequency range of 20 to 10,000 cps. The procedures for
estimating source levels are expected to be accurate to + 3 db.
The estimation of a noise reduction for a structure necessarily

WADC TR 58-343 -1-




introduces additional uncertainty. Nevertheless, we expect
that the total tolerance on average noise levels within a
receiving space (based on source levels and noise reduction)
will be + 5 db or less. Where an appreciable range of levels
1s expected in a receiving space, this fact 1s included 1in

the estimating procedures.

The availability of acoustical data specific to a given
problem will, of course, improve the accuracy of the proce-
dures set forth in this report;“‘ih addition where Judgment
of an acoustical situation 1s required, the reader can
"expect improved facllity and accuracy as his experience grows.

Section III i1s devoted to procedures and charts for
estimating the acoustic transmission loss (TL) of various
panel structures. The frequency range of interest 1s divi-
ded into regions according to the different types of panel
behavior expected at various frequencies. Theoretical in-
formation on the transmission loss of flat plates and
cylindrical shells 1s also presented in this section.

The transmission loss as determined in Section III
i1s a more-or-less basic property of a panel. However, a
determination of the net noise reduction (NR) afforded by
the panel must take account of the interaction between trans-
mitted nolse fleld and the receiving space. In addition,
an adjustment to TL must be made if the air density and
temperature in the receiving space are different from sea-
level denslty and room temperature. Section IV contains
charts of corrections to TL for small, medium, and large
recelving spaces for various amounts of acoustic absorption.
Corrections for amblent conditions in the receilving space

are also given.

WADC TR 58-343 -2-
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Section V of this report contains a number of examples
which 1illustrate the use of the charts and procedures for
the reader. Appendix A 1s a reprint of an article contain-
ing charts for estimating the natural frequenclies of vibra--
tion of different types of structures.

The material contained in this report is based on the
most relliable and newest data avallable to the authors at
the time of preparation It should be emphasized that in
some cases these data are incomplete and tentative. Data
obtained subsequent to the publication of this report will
undoubtedly resolve some of the problems, and may be in-
cluded in later revisions of the report.

A number of gbvernment agencies and private organi-
zatlons have been contacted during the preparation of this
report. We wish to express our appreciation to those groups
and individuals who made information available for use here.

General Terminology

The basic acoustlic quantities used in this report are
sound pressure level (SPL) and sound power level (PWL).

These are logarithmic quantities related to the sound pressure

p (measured in microbars) and the sound power W (measured
in watts), respectively The units of both SPL and PWL are
decibels (db) The quantities are defined in the following
table

WADC TR 58-343 -~




Definition Reference Quantity
SPL 20 log (Tg—— Prer = 0.0002 microbar _
ref
W = 10-13 ‘
PWL 10 log ( wref\> wref 10 watt \

PWL 1s a computed quantity which expresses the noise-
radiating properties of a source in a fundamental and useful
way. Under standard condltilions of temperature and pressure,
PWL is related to the "space average'" sound pressure level

(SPLan) approximately by:

= 1
PWL = SPL, . + 10 log S (1)

where
: 2
SPL.avg = 10 1og(\p§ /bre;> (2)

where ;ﬁ' 1s the average of the squared acoustic pressure over
a surface S (in square feet) enclosing the sound source.

For the case of a non-directional source, SPLavg is the SPL

at any point on a spherical surface S with the source at its
center. Corrections for conditions other than standard
temperature and pressure are discussed at the appropriate

part of the report.

Other acoustic quantities of interest (such as trans-
mission loss and noise reduction) will be defined as required

in the report.
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SECTION II
NOISE SOURCES

In this section of the report we will describe the various
sources of noise occurring in flight vehicles. Three different
general types of noilse sources will be considered:

A. Nolse sources assoclated with the vehicle power
plant;

B. Noise sources assoclated with aerodynamic dis-
turbances other than those generated by the
power plants directly (noise caused by atmos-
pheric turbulence or boundary layer fluctua-

-tions);

C. Nolse sources assoclated with internal equip-

ment. such as air-concditioning.

When a plane wave of sound is incident on a plane rigid
surface, the sound pressure at the surface 1ls twice the sound
pressure 1n the incident wave. This situation is commonly called
"pressure doubling". The actual situation encountered in measur-
iIng sound pressures at the surface of vehicle structures is not
as simple as might be indicated by this example of pressure
doubling. The estimation procedures given in this section gilve
sound pressure levels assoclated with free space, that is, in the
absence of any surface. As an engineering approximation we will
say that when the surface on which the sound pressure level is
desired is plane, 3-6 db should be added to the numbers given by
the procedures in this section, and when the surface 1s curved,
0-3 db should be added to the free space sound pressure levels
given in this section.

WADC TR 58-343 ; -5-




Power Plant Noise

Propeller Noise

Symbols Used in Propeller Noise Discussion

e~ e D WD we e

c ambient velocity of sound

D propellér diameter

fl blade passage frequency

fmax peak of vortex nolse spectrum

Ly, Lo "partial levels" obtained from Figs 2, 3
respectively

L0.7 projected width of propeller, defined in Fig 8

m number of propeller blades

Mt propeller tip Mach number

r distance from far field measurement point to
center of propeller disc

W mechanical power to propeller

X,¥, 2, cartesian coordinates with origin at center of
propeller disc (see Fig 1)

o ambient air density

The noise radiated-By aircraft propellers has been the
subject of considerable study.* The data used in the present
study includes measurements made by Bolt Beranek and Newman Inc.
(BBN), NACA (Langley Field), and Harvard University's wartime
Electro-Acoustic Laboratory.

It is convenlient to divide the observation region into
two parts, which we designate '"near field" and "far field". The
near fileld consists of those okservation points which are located
one propeller diameter or less from the propeller plane. The
far field consists of those points which are more than one

*A 1ist of some of the important references on the subject
of propeller noise is given at the end of this report.
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propeller diameter from the propeller plane.

a. Near Fleld of Propeller Noise

The geometry of the region of interest in the near field 1is
shown fh Fig 1. x 1s the distance,'measured from the propeller
plane, along an axls parallel to the axis of rotation of the
propeller. ¥y 1s the distance along a line in the propeller plane,
perpendicular to the blade at its point of closest passage to the
measurement point P. z is the distance from the propeller tip at
its point of closest passage to the measurement point P in the
propeller plane. The propeller cylinder is the circular cylind-
rical surface whose axls 1is the propeller axis and whose diameter
is the propeller diameter.

The near fileld prediction procedure given here applies only
in the region outside of the propeller cylinder. (This is the
region in which a fuselage would be located.) The analysis is
not valid for predicting propeller noise levels dilrectly in front -~
of or directly behind the propeller disc, 1.e., inside the
propeller cylinder. The work of Ref 4 has shown that the pro-
peller noise levels and spectrum vary markedly with radial
position near the propeller disc.

The near field estimation procedure is as follows:

(1) Find the overall sound pressure level at the
point of interest by adding algebraically the
partial levels given in Figs 2 and 3. The
partial.level,Ll 1s determined as a function
of W, the power to the propeller in horsepower,
and D, the propeller diameter in feet, from
Fig 2. Similarly, partial level L2 is given by
Fig 3 as a function of z/D, the dimensionless
tip distance, and Mt’ the propeller tip Mach
number.

WADC TR 58-343 = § =




SPLoverall

SPL

overall

(2)

(3)

(%)

The free space overall SPL is given by:

[
= 3 _ F + 460
L, + L, + 20 log 10 log (—xig——

where m 1s the number of propeller blades. The
analytical expression represented by Figs 2‘and
3 and Eq (3) is:

= 20 log W - 40 log D -(33.4 - 24.4 Mt) log(%)

\

+ 36.6 M_ + 75.8 + 20 log(%)
O
- 10 log ( F_+ 460 )

AdJust the value found 1n i1tem 1 above by using
the appropriate.distance x/D from the propeller
plane and Fig 4. (The only data available on the
variation of SPL with x/D are for a propeller tip
Mach number of 0.6.)

Determine the relative contributions of the
vortex noise sources and rotational noise sources

from Fig 5.

Add on a decibel scale the rotational noilse spectrum
and the vortex noise spectrum. The rotational and
vortex nolse spectra are given in Figs 6 and 7,
respectively. The blade passage frequenc'y"fl is:
RPM

fl = m
The length L 7 is defined geometrically in Fig 8.
The resultant near field spectrum 1s obtained by
adding Figs 6 and 7 as prescribed in Fig 5.

WADC TR 58-343 i@ -
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As examples of the use of Flg 3, Figs 9, 10, and 11 show
contours of constant sound pressure in the propeller plane, for
tip Mach numbers of 0.4, 0.6, and 0.8. The SPL contours are
circles of constant z/D, centered at the propeller axis. The
contours are drawn for 3 db increments in sound pressure level,
with a reference level of zero taken arbitrarily at z/D equal to
0.1. The spacing between contours 1s seen to decrease rapldly as
the propeller disc is approached, i.e., for small z/D. Also,
the SPL decreases less rapldly with the tip distance at larger Mt
than at smaller Mt'

b. Far Field of Propeller Noise

For observation points located more than about one propeller
diameter from the propeller plane, a different procedure must be
used for estimating the propeller nolse:

(1) calculate the overall power level (PWL) of the
propeller nolse from Fig 12.

(2) Obtain the '"space average" sound pressure level

(SPLavg

from the center of the propeller disc. Thus:

) by assuming spherical spreading of sound

L 2 c
SPL,,, = PWL - 10 log (4wr<) + {9 log 'T%ET:— _ (6)

where r 1s the distance from the center of the propeller
disc to the observation point. The last term in Eq (6)
corrects for changes in ambilient pc wilith altitude and
temperature. The quantity:

- 10 log TE%T = AB (7)
o

1s plotted as a function of amblent pressure and tem-
perature ratics in Fig 32.

WADC TR 58-343 -9 -




(3) For the angular region from 145° to 180° measured from
the forward propeller axis, apply a directivity correc-
tion of -6 to -10 db, to SPLavg’ This angular region
corresponds to the rear of the fuselage.

(4) Use the octave band spectrum of propeller noise for the
rear of the fuselage given in Fig 13. fl 1s the blade
passage frequency defined in Eq (5).

Under certain conditions, the exhaust noilse of internal com-
bustion engines may be a significant contributor in determining
the noilse levels on or within an aircraft. We present an estima-
tion procedure for obtalning the noise levels assoclated with this

4
2. Exhaust Nolise of Internal Combustion Englnes l
exhaust noise:

(1) Obtain the overall power level of the engine exhaust
noise source from Fig 1l4. Fig 14 1s a plot of the
relation: ;

PWL = 125 + 10 log HP db (8)

where HP 1s the total horsepower delivered by the engine
shaft to the propeller, auxiliary pumps, generators,

and other equipment. The line in Fig 14 shows an
experimental spread of + 5 db.

(2) Use the spectrum shape given in Fig 15 to obtain the
PWL exhaust noise spectrum. The frequency fa is the
average cylinder firing frequency of the engine.

(3) The SPL at a point a distance x from the englne exhaust
can then be found from the relation:

WADC TR 58-343 - 10 -
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SPL = PWL - 10 log (4mx°2) (9)
where spherical divergence of sound has been assumed.

3. TurboJjet Noise

Symbols Used in Turbojet Nolse Discussion

D exhaust nozzle diameter

fmax peak of far fleld power level spectrum

AF overall contour correction factor

AG additional correction factor for afterburning engine
v relative expanded Jjet velocity

x axlial distance from exhaust nozzle

Ag angular correction factor

The fleld about a turboJet may be divided into two major
regions -- near fleld and far field. The behavior of acoustical
quantities such as sound pressure and particle velocity 1s much
more complicated and consequently less well understood in the
near field than in the far field. However, 1t 1is generally the
near field that is of interest in the study of noise in and on
aircraft. In general, polnts less than 75 to 100 ft distance
from the Jet exit nozzle lie in this near field.

We present here an estimation procedure for obtaining the
overall sound pressure level and relative spectrum shape at a
point in the near field of a turbojet engine. The reference
contour of overall sound pressure level 1s given in Fig 16. The
operating conditions for thils reference contour are those of a
contemporary turbojet engine operating at 100% rpm. The exit
velocity 1s 1850 ft per second and tk- -xit dlameter 22 in. The
near fileld estimation procedure may .. ite.;_.zed as follows:

WADC TR 58-343 -11-




(1) A correction factor AF is derived from the exit
velocity of the source whose near fleld 1is to be

determined by:
AF = 80 log —3536— db (10)

where v 1is the relative Jet velocity 1in feet per
second. PFigure 17 is a plot of this correction
factor. v 1s deflned as:

net thrust
= mass flow (11)

(2) An angular shift A¢ in the contour pattern of
overall SPL is obtained from Fig 18.

(3) AF 1s applied to the reference contour values of
Fig 16, and the contour pattern is rotated about
the exhaust nozzle as prescribed by A¢. Positive
values of A¢ represent rotations away from the Jjet
axis. The adjusted contours then form the predicted
near fleld.

(4) The shape of the spectrum is given by Fig 19 as
a function of the quantity x /D, the axial distance
downstream from the Jet nozzle. The peak frequency

fmax 1s defined as:

foax = 02 (12)

o<

This prediction procedure 1is to be used for turbojets opera-
ting at or near 100% rpm. For turbojets with afterburner, the
following modified prediction procedure has been found to be
reasonable:
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(1) A correction factor AF is obtained from Fig 17
using the exit velocity v of the turbojet at
100% rpm (without afterburner). Another correction
factor AG 1s obtained from Fig 20 using the developed
thrust of the turbojet at 1092 rpm.

(2) An angular shift A¢ in the reference contour pattern
of overall SPL 1s obtained from Fig 18 using the
exit velocity of the turbojet at 100% rpm.

(3) AF + AG is applied to the reference contour of Fig 16,
and the reference contour pattern is shifted about
the exhaust nozzle as prescribed by A¢. The ad-
Justed contours then form the predicted near field,
where the diameter D i1is the engine exhaust dlameter

at 1092 rpm.

1 (4) The shape of the frequency spectrum 1s given by
Fig 19 where the peak frequency 1s 1/2 octave lower

] than the peak frequency defined for the turbojet at
1095 rpm. 3 to 5 db should be added for frequencles
i 3 octaves or more above fmax'
i The effects of motion and of amblent condition changes on
turbojet noise are considered in Part 5 of this section.
‘ 4, Missile Noise
‘ Symbols Used in Missile Noise Discussion
o subscript a refers to ambient quantities

l e velocity of sound

D missile exhaust nozzle dliameter
] G near field function

k wave number
= m mass flow through exhaust nozzle

; WADC TR 58-343 -8 =




M Mach number

subscript r refers to missile at rest

R distance from source to receiver

T rocket Jet temperature

v expanded relative Jjet velocity

x distance from rocket exhaust nozzle plane to
measurement point

Xq distance from rocket exhaust nozzle plane to
average location of nolise source of frequency f

o) rocket jet density

n efficiency of conversion of mechanical*power

to acoustical power

The source mechanism which produces noise from the exhaust
of a missile 1s very similar to the source mechanism involved in
conventional turbojets. However, since we are generally interested
in the noise alcng the missile surface upstream of the jet nozzle,
it 1s convenient to give here an estimation procedure which is
specialized to this case. This procedure is based on the limited
amount of information now availiable on missile noise.

The procedure may be summarized as follows:

(1) Find the efficiency of conversion of mechanical
' power to acoustic power, from Fig 21. The effi-
clency n 1s given in this figure as a function
of the ratio of expanded jet velocity v to am-
bient sound veloci;y Cy- The parameter describ-
ing the various lines is a ratio of J t and am-

2_
bient densities and temperatures \'ﬂr')

For very large rockets it is seen that the effi-
clency n is expected to approach a constant value.
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(2) Compute the mechanical stream power of the
rocket which is given by 1/2 mv 2 in watts,
where m is the mass flow of the rccket and
v 1s the expanded Jjet velocity. In MKS units
m is in kilograms/sec, and v is in ft/sec.
The overall PWL of the missile noilse source
is then given by:

1
i 2

PWL = 10 log 1 + 10 log —=Ty (13)
10

(3) Find the average source distance Xg,» Which is
the distance from the Jet nozzle to the average
location of the source of frequency f. The
dlameter of the rocket nozzle is D. The aver-
age source distance in terms of xo/D is given
as a function of Strouhal number fD/v in Fig 22.

(4) Compute the source-to-receiver distance R
appropriate to the geometry. For cases in
which the exhaust stream extends directly
back of the missile along the longitudinal
axls of the missile:

R = x + x _ (14)
where x 1s the distance from the rocket
exhaust nozzle plane to the observation
point, and Xq has been obtained in Item 3.

(5) Find the near fleld function 10 log G- (kR)
from Fig 23, where:

2nf (15)

Ca

k =
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(6) Obtain the sound pressure level at the
desired point from the expression:

SPL = SPL_ - 20 log R + 10 log G° | (16)

where the reference sound pressure level
SPLo is given relative to the ovenrall power

level in Fig 24,

(7) The effects of motion may be estimated by
adding to the above equation the quantity

20 log p/p, (2 - Mi}

Pa
= SPL + 20 log (17)
Par (1 - M)

SPLey1ght

where Par 18 the amblent density with the
missile at rest, and Py i1s the amblent density
with the missile 1n motion. It 1s assumed 1in
this equation that the relative velocity of

the exhaust gases 1s approximately constant.
This assumption has been found reasonable for
certain classes of mlsslles. A more detailed-
procedure for estimating the effects of motion
and of amblent condition changes on rocket noise
is given 1n Part 5 of thils section.

The spectrum shown in Fig 24 1s somewhat broader than the
conventional turbojet spectrum because of the multiple nozzle con-
figuration usually found in large missiles. The spectrum of Fig
24 i1s based on data from a rocket with two nozzles, each about 4
£t in diameter, with centers 10 ft apart. Smaller dimensions
would lead to a somewhat narrower spectrum.
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5. Effects of Forward Motion and Ambient Condition Changes on
Turbojet and Missile Noise

—_—

subscript a refers to ambient quantities

A effective open area of exhaust nozzle
c velocity of sound

F gross thrust

Fnet net thrust

subscript j refers to Jet quantities

m mass flow through exhaust nozzle
M Mach number

subscript o refers to reference quantities

p sound pressure

P static pressure

T temperature

v expanded relative Jjet velocity
v, forward velocity

w sound power

p density

¢ velocity potential

a. Effects of Forward Motion
(1) Simplified Procedure

We consider first the special case of constant altitude.
Flgure 25 shows the engine operatioh parameters needed to describe
the situation. Net thrust and mass flow (relative to static
values) are given as functions of forward speed. The data are
from the G. E. Aircraft Propulsion Data Book, 1957 Edition, and
apply to a contemporary turbojet engine that can generate about
9000 1bs gross thrust at sea level at 100% rpm. For the case
being consldered, the engilne 1is at 92.7% rpm and at sea level.
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The change in overall sound power level (APWL) due to changes

in operating conditions radiated by a subsonic Jet alrcraft 1is:
PWL 0 log Y— + 10 log o + 10 1o ] + 35 log m22 (18)
a = 70 log 3 g o E 7 g
o o Jo a

where m 1s the total mass flow through the exhaust nozzle, T is
temperature, and the subscripts o, a and J refer to reference,
ambient, and Jjet conditilons, respectively. The relative velocity
v 18 related to gross thrust F and forward veloclty v,s Or net

thrust Fnet’ by:
F
F _ _net
VEm " VY1%nm (19)

Equation (18) will be derived later in this section.

The information contained in Fig 25 can be ccmbined with Eq
(18) to obtain an estimate of the effects of forward velocity.
An additional factor, concerning the propagation of sound 1n a
moving medium, must also be taken into account. (This factor is
considered in detail later in this section.) The resulting
ASPL is given 1in Fig 26 as a function of forward speed. The
jet temperature TJ is assumed to vary less than 10% over the range
of speeds considered. ASPL is glven for several typical locations

of the observation point.

It should be noted that, at high subsonic velocities and in
certain frequency ranges, the tufboJet nolse we are considering
here will be masked by boundary layer nolse or, in some cases,
equipment noise. The extent of this masking can be determined
only by considering individual cases.
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(2) Generalized Procedure and Background Information

Derivation of APWL

The Jet fluid of a turbojet engine has essentlally the same
molecular welght as the ambient fluld. Then, sound power w has
been found to be proportional to:

wa—p— . (20)

where p 1s density, A 1ls effectlve open area of the jet nozzle,
¢ 1s the veloclty of sound, and v 1is the veloclty defined 1n
Eq (19). It is now assumed that the ideal gas law 1s valid and
that the static pressure in the Jet stream equals the ambilent
pressure. The following proportionalities then hold:

map, Av : (21)
1
c, a Ty -3 (22)
Qa Pa
Pa & T, - (23)
P
pya T—j (24)

where P is pressure. Equations (21) through (24) may be
substituted into Eq (20) to obtain:

APWL = 10 log 7— = 70 log +— + 10 log %_
(o} (o] (o] (18)
T T
,! ao
+ 10 log T + 35 log —
Jo a
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mT
APWL 1s plotted as a function of ——Tl— (¥ )7, for various
metj0 Vo

values of the ambient temperature, in Fig 27.

The case of very large rocket engines must be consldered
separately. For such noise sources the sound power radiated

is proportional to:
W a mv (25)
and APWL becomes

APWL = 10 log = + 20 log - (26)
m v
o o}

APWL is plotted for thilis case as a function of %—— for various
values of the mass flow ratio %— in Fig 28. 1In general, because
of the lower power dependence 08 v for the case of large rockets,
a larger reduction in noise with forward speed will be found for
contemporary turbojJets than for large rockets.

Sound Propagation in a Moving Medium

In order to estimate the effects of motion on the noise field,
1t 1s necessary to select a simple model for mathematical analysis.
The model chosen consists of a simple monopole source and receiver
moving together rigidly at a constant subsonic vélocity along the
x-axis of a Carteslian coordinate system. According to Blokhintsev
the velocity potential ¢ for a monopole 1s given by:

¢ =}{7——?(t _2) (27)
R*.,/1 - M

(1) "Acoustic of a Nonhomogeneous Moving Medium", D. I.
Blokhintsev (translated as NACA TM 1399, pp 80-85).
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where F(t) is the time dependence of the source, M is the Mach

number of the source-recelver system, c 1is the velocity of sound,
and:

Me + Ve2 4 %-MQ) (v2 + z9)

R (28)
l1-M
R* =E + (l‘Me)?(lz + z2) o (29)
Vi - M -
£ = x - vi t (30)
vy = Mc (31)
Sound pressure p 1s related to ¢ by:
e e (a¢ - v, g%) | - (32)
which ylelds:
[ ] R
Ft -T) ME }
R:*_V (l—M2)3/2 EEQ + (l-M2) (y2 % 22)]1./2

Figure 29 gives the partilal correction factor toc PWL for pro-
pagatlion in a moving medium, as a function of Mach number, for
typlcal observation orientations. It is important to note that
the ratio of sound power radlated to mechanical stream power
should not exceed approximately 1%.
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Oestreicher(2) h;s shown that a dipole source in a subsonic
stream acts qualitatively similar to the monopole as indicated

in Fig 29.
b. Effects of Ambient Condition Changes
(1) Simplified Procedure

- When in flight, a Jet alrcraft encounters ambient conditions
which may vary over a significant range. It 1s convenient to .
conside; here the speclal case of constant forward speed. Figure
30 shows the engine operation parameters needed to describe the
situation. This figure gives the net thrust or mass flow (rela-
tive to sea level values) as a function of altitude. The infor-
mation applies to a contemporary turboJet engine that can
generate about 9,000 1lbs gross thrust at 1004 rpm at sea level.
The data are based on a constant 92.7% rpm and 550 knots. The
curve is adapted from the G. E. Aircraft Propulsion Data Book,
1957 Edition.

et PO R B W

Equation (18) for the change in PWL radiated by a subsonic
Jet alrcraft was derived earlier, in considering the effects
of forward motion. It 1s also useful in the present study of
ambient conditions:

T
APWL = 70 log ¥— + 10 log I + 10 log mi—
o O. Jo
(18)
T
+ 35 log Tig—
a

(2) H. L. Oestreicher, J. Acoust. Soc. Am. 29, 1223 (1957)
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where m is the mass flow through the engine, T 1s temperature,
and the relative velocity v is related to gross thrust F and
forward velocity vy, OT net thrust Fnet’ by :

F

net
o (19)

V:rl‘:——vlz
The information contalned in Fig 30 can be combined with Eq (18)
and the description of the ICAO Standard Atmosphere (NACA TN
3182) to obtain an estimate of the effects of ambient conditions.
Figure 31 gives the resulting ASPL as a function of altitude,
for several values of the Jet temperature ratio. The informa-
tion contfined in Fig 31 is for constant rpm and speed, as noted
earlier. The combination of Fig 26 (ASPL as a function of speed,
at constant altitude) and Fig 31 (ASPL as a function of altitude,
at constant speed) forms an estimation procedure for changes in
noise radiated by contemporary turbojet engines.

(2) Generalized Procedure

It 1s useful to consider changes 1n noise radiated by a
Jet 1in a general form. Figure 27 gives APWL for contemporary
turboJets (Eq 18), and Fig 28 gives APWL for large rocket
engines (Eq 26).

The relation between PWL and SPL must now be considered in
general. It may be written:

ASPL = APWL - AB (34)
where
pao cao Pao Ta
AB = 10 log ————— = 10 log p— + 5 10g #— (35)
pa a a ao
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In obtaining Eq (35) we have assumed the validity of the ideal
gas law. Equation (35) i1s plotted in Fig 32. This factor must
be taken into account when the quantity PaCa changes, for ex-
ample, for a change of altitude.

We can summarize the generalized estimation procedure for
changes in Jet noilse by listing the charts required for each type

of change:
For effects of Use Figs
Change of ambient conditions on
1) contemporary turbojet 27, 32
2) 1large rocket 28, 32
Change of forward speed on -
1) contemporary turbojet 27, 29
2) 1large rocket 28, 29
WADC TR 58-343 - 24 -
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B. Aerodynamic Nolse

l. Boundary Layer Noilse
Symbols Used in Boundary layer Nolise Discussion

d distance from leading edge of skin to observa-
tion point

frequency

peak of boundary layer noise spectrum

oy
3
&

sound pressure
Reynolds number

(s

free stream dynamlc pressure
Strouhal number

free stream veloclty
boundary layer thickness
kinematic viscosity

co<woO T

The high speed flow occurring over an aircraft surface
generates a turbulent boundary layer in a region near the sur-
face. The fluctuating pressures exerted on the surface by this
layer are convected along with the flow and set up motion of
the aircraft skin.

Recent studies of boundary layer pressure fluctuations include
subsonic measurements on wind tunnel surfaces, on airplane
wings, and inslde airplane cabins. In addition, theoretical
studles have been made recently on pressure fluctuations in
subsonic boundary layers.l To date, however, completed studles .
on supersonic boundary layers have not been made availlable.

1. R. H. Kraichnan, J. Acoust. Soc. Am. 29, 65_(1957)h
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The results of the measurements inside cabins of subsonic
aircraft are shown in Fig 33. The ordinate of Fig 33 1s 20
log p/Q, where p is the root mean square boundary layer pressure
and Q 1s the free stream dynamic pressure. The boundary pres-
sure has.been approximated by correcting the cabin measurements
for the pressure transmission properties of the aircraft skin
(see section III). The abscissa of Fig 33 1s the Strouhal
number, defined as:

b

where f 1s the frequency, 6'13 the boundary layer thickness,

and V is the free stream velocity. Fig 33 shows that the bound-
ary layer pressure fluctuations exhlbit a broad spectrum which
reaches a maximum at S approximately equal to 0.4 for octave

band data. We use thils figure as the basis for our procedure for
estimating boundary layer surface pressures.

Measurements of boundary layer presshre fluctuations on wind
tunnel and airplane wing surfaces‘are generally made with flush -
mounted microphones. These measurements usually give 20 log
p/Q values about 5 to 10 db lower than those .shown in Pig 33.

These differences are generally belleved to be caused by can-
cellation of some of the fluctuations over the microphone sensing
area. Conséquently, the information given 1n Fig 33 is belileved
to be more directly applicable for use in our estimation procedure.
The estimation procedure is as follows:

(1) calculate the free stream dynamic pressure Q
for the conditions of interest. Figure 34
gives Q as a function of Mach number and altitude.

(2) Obtain the overall sound pressure level from

the expression:
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(3)

(&)

SPL = 20 log Q + 86 db

where SPL is the level of the overall pressure

fluctuations at the surface (relative to
0.0002 microbar), and Q is the free stream
dynamic pressure in 1bs/sq ft obtained in
Item I.

Estimate the boundary layer thickness % from
the expression:

s - o.129(Red)'1/7

where d is the distance in feet from the lead-
ing edge of the skin to the observation point.
Eq (38) is plotted in Fig 35. Reynolds number
Re 1s defined as:
vd
Re ='V—
where v 1s the local kinematic viscosity in

ft2/sec. For a typical present-day commercial
transport a typical value of & might be 0.2 ft.

Determine the maximum of the boundary layer
nolse spectrum fmax from:

f = 0.4 cps

ol

where fmax is the maximum of the octave band

spectrum, V 1s the stream velocity outside the
boundary layer 1in ft/sec, and 6 is obtained in
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Item 3., Use the spectrum shape given 1in Fig 33.
The overall SPL calculated from Eq 37 is approxi-
mately 5 db greater than the octave band SPL atl

fmax'

Of course, the value of the boundary layer surface pressure
in any particular situation will be affected by the aircraft
geometry, the position of the measurement location along the
aircraft, the aircraft altitude, protuberances near the
measurement position, and similar items. The estimation
procedure glven here 1s 1intended to represent an average over

the known information.

P el W B e

In the abéence of any organized data for supersonic boundary
layers, we propose that the estimation procedure given here
be used for both subsonic and supersonic conditions. It should
always bé noted, however, that this procedure is based on data
taken under subsonic conditions only.

2. Pressure Fluctuations Caused by Atmospheric Turbulence

Another possible noise source of aerodynamic origin 1s the
variations in ambient velocity (and temperature) that occur in
the atmosphere. In passing through these fluctuations, a rapid-
ly moving vehlicle will encounter pressure fluctuations. Under
operating conditions of present-day vehlicles, noise from these
fluctuations has not yet been identified. However, these
fluctuations may become important in higher performance vehicles
of the future, and therefore a brief discussion of these fluctua-
tions is given here. Attention 1s restricted to variations 1in
ambient velocity, but the arguments may be extended to include

variations in temperature.
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The primary purpose of this discussion is to point out
the existence of this potential noise source and to make some
rough estimates of the magnitude of the noilse.

Significance of the Problem

Fluctuations in dynamic pressure due to atmospheric turbu-
lence may contribute significantly to the acoustic environment on
and in high-speed flight vehicles. The dynamic pressure q of
the flow past a vehilcle 1is

Q4 =3pU (41)

where

flight velocity
density of ambient air

©
]

The dynamic pressure q acts at forward flow stagnation
points on an aircraft. In addition, a fraction of this pressure,
elther positive or negative, can be observed at almost all points
on the aircraft surface. Thus, 1t seems reasonable to expect
that fluctuations in q will be felt, at least partially, almost
everywhere on the aircraft. (See R. I. Cole, "Pressure Distri-
butions on Bodies of Revolution at Subsonic and Transonic Speeds"
NACA RM L152D30 (1952); this report contains a good bibliography.
See also texts on fluid dynamics concerning pressure distributlons
on bodies in a flow.)

Lift and drag forces are directly related to q through 1ift
and drag coefficlents. Thus, we expect these forces to vary
with fluctuations in q. Time varying forces on the ailrcraft
will result, and certain modes of vibration may be exclted.
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The flow into ram-air intakes and engine inlets 1s dependent
on the dynamic pressure. Fluctuations in q willl thus modulate
the inlet flow. We do not know whether or not this mechanism
can trigger or excite an instabllity in the aircraft powerplant
and its supply ducts. However, the possibility exists.

An obvious effect of fluctuations in dynamlic pressure 1s
the local excitatlon of the aircraft skin., This excitation is
of interest just as alrborne noise or boundary-layer noise is.
We néw estimate the pressure magnitudes and frequencies involved.

b N B A e

Noise Spectrum

In regions of turbulence the local turbulent velocity
component, v, acts as a perturbation of the v&locity U. A fluctu-
ation p in dynamic pressure 1s thereby generated (neglecting

density variations):
p =053 = pUbU = pUv ) (42)

Actually the turbulent velocity 1is a function of turbulence
scale, £. Thus, v = v(£), and p = p(£). The turbulence scale
and the frequency of the disturbance felt by the ailrcraft are
related as follows:

U
£ = (43)
T An ldea of the frequencies involved at several flight Mach
numbers can be had from the following table:
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Approximate Frequency of
Pressure Fluctuations, cps

Turbulence Scale, £

(rt) M=1 M=3 M=10
1000 1 3 10
100 10 30 100

10 100 300 1000

In this "acoustic" study we cannot be concerned with disturbances
of arbitrarily low frequency. Even if we 1limit our interest to
frequencies above 3 cps, or perhaps 10 cps, we may find that
significant pressures are assoclated with very high flight

speeds.

The fluctuating pressure, Eq (1), may be related to the
dynamlic pressure:

.. _ Uv _ !. R
g - %ggag =23 (44)

For high subsonlc flight current estimates of the magnitude of
boundary-layer pressure fluctuations are of the order of
1073 q to 3 x 1073 gq.

In order that the fluctuating pressures generated by atmos-
pheric turbulence be comparable to these boundary layer pressure
fluctuations, we would require

v £&10 3y

or, for near-sonic flight,
v =1 ft/sec
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This value appears to be in line with the experimental findings
of NACA.*

An alternate expression of the magnitude of the pressure

fluctuations 1is = o=

Uv Uvwv v
=B =y =W (45)
%a pC/'y c C (o]

Here

P_. = ambient pressure at altitude
= pc?/y
¢ = speed of sound (ambient)
v = ratio of specific heats
= 1.4 for air
M = U/c = flight Mach number

For high subsonic flight (M = 0.7)

E .
~— P &%

a (46)

ol<

and we have, approximately, for c = 103 ft/sec,

v (ft/sec) p
)

1l 10 Pa
-2

10 10 Pa

*H. L. Crane and R. G. Chilton, NACA TN 3702 (1956)
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The following table indicates the order of magnitude of
the sound pressure levels expected at various altitudes for
v = 10 ft/sec and M = 1 (pref = 0.0002 microbar):

P 10~°%p
Altitude Pa(u bar) 20 log (db) 20 log (db)
(ft) Prer Prer
0 10% 194 . 154
20, 000 4.6 x 10° 187 147
50, 000 1.1 x 10° 175 135
100, 000 1.1 x'1o“ 155 115

The pressures esfimated above represent the maximum-values
expected. On some parts of the vehicle surface the pressure
flucpuatidns_yill probably be 15-20 db lower. As mentioned
earlier, experience with future vehicles will indicate the
actual importance of this potential nolse source and will provide
data for 1mproving these preliminary estimates

C. Noise of Internal Equipment

Under certain conditions, the mechanical equipment located
within aircraft, such as air conditioning, pressurization
equipment, fans, etc., may make significant contributilons
to the noise levels within the aircraft. The many different
types of such mechanical equipment, and the many possible .
uses of acoustical absorbing material within the aircraft,
make an analytical study of this problem extremely difficult.
Therefore, the approach in thls part of the report will be to
present measurements of nolise within aircraft. These data are
grouped by the type of aircraft.
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Figure 36 is the range of typical sound pressure levels
measured 1n the passenger compartment of twin reciprocating
engine business aircraft under cruise conditions. Figures
37 through 42 give similar information measured in commercial
aircraft. Data taken on the Convair 440, Viscount, Super-G
Constellation, Stratocruiser, and Caravelle are included in

these figures.

In the case of military aircraft. measurements are not as
readily available as the case of commercial aircraft. In
particular, measurements 1in supersonic aircraft have not been
released, although they are in existence. We must therefore con-
fine our interest in ﬁilitary aircraft to subsonic planes.

Figure 43 gives the range of tyovical sound pressure levels
measured in the cockpits of subsonic Jet bombers. TFigure 44
gives similar information for the cockpits cf subsonic jet
fighters. It should be pointed out that these levels were
measured in smooth level flight. Under other operating condi-
tions, for example, with gear, flaps, or speed brakes extended,
the levels will in general be higher than those given in Figs 43
and 44, Noise from the extension of speed brakes, etc. will,
in general, affect the higher frequencies more than the lower

frequencies.

Preliminary observations indicate that mechanical equipment
nolszs i1s the predominant nolse source at all frequencies in
contemporary high performance jet aircraft. In contemporary
propeller-driven aircraft, mechanical equipment nolse contributes
primarily to the high frequencies.

In. the absence of further data we propose that, in the fre-

quency ranges in which mechanical equipment noise 1is significant,
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the information in Figs 36 through 44 be used to estimate the
noise from internal mechanical equipment in aircraft similar to
those described in these figures. We propose also that, for
newer aircraft than described in these figures, the noise levels
be scaled by the mechanical power supplied to the principal
mechanical equipment within the aircraft. Thus, for an air-
craft utilizing mechanical equipment twice as large as the
corresponding alrcraft described here, the estimated internal
noise levels would be 3 db higher than those given here for

the corresponding aircraft.

It must be borne in mind that the noise levels due to the
internal equipment must always be added to those from the power
plant and from boundary layer surface fluctuatlions, in order to
find the total noise levels expected within an alrcraft. In
certaln cases 1t may be convenlient to use the information in
Figs 36 through 44 to scale the power plant or boundary layer
nolse contributions, according to the procedures given in Parts
A and B of this section. Such a scaling avolids estimating the

" noise reduction properties cf the alrcraft structure, but requires

that we know the frequency ranges in which power plant noise and
boundary layer nolse are significant. The relative contribu-
tlons of power plant nolise and boundary layer nolse can be
determined, for the particular operating conditlions of interest,
from the procedures of Parts A and B of this sectilon.

The nolse of certain types of internal equipment may be
assoclated with a Jet of air in a reverberant space, such as a
cockplt or an equipment bay. The following procedure permits
estimates of thls noise:
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l. Calculate the mechanical power in the air Jet stream,
W, in watts. ' )

2. Using an efficiency of conversion of mechanical power
to acoustic power of 6 x 1072 (see Fig 21), obtain
the overall PWL of the Jet from:

PWL = 10 log -!:I3 - 42 = 10 log W + 88 (47)
> 10

3. Use Fig 45 for the shape of the PWL spectrum.
The maximum of the Jet noise spectrum fmax is
defined by:

\'A

where V 1s the Jjet exit velocity and D is the nozzle
diameter or the smaller dimension of the exhaust
nozzle. The conversion from PWL to SPL appropriate
to reverberant spaces are discussed in detall in

section IV.
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SECTION III
ESTIMATION OF PANEL TRANSMISSION LOSS

In this report we make use of the quantity called acoustic
transmission loss (TL) in describing the noise-transmitting pro-
perties of a given panel or structure. The transmission loss of
a structure is customarily defined as follows*:

I ~ '
1 i
TL = 10 log = = 10 log T, (49)
I
where T = o is the transmission coefficient, that 1is, the ratio
i

of the transmitted intensity 12 to the incident intensity Ii.' The
transmitted intensity 12 is determined as though ro reflections
take place on the receiving side of the panel. The effects of the
receiving space on the sound field must be considered separately.
(See Section 1IV).

Transmission loss is defined as above for plane waves. In a
2
plane wave I = %3 and therefore Eq (49) may be written:

2
P /p c

TL = 10 log —g—22 (50)
Po/Pp%,

where P 1is the root-mean-square acoustic pressure in the incident
or transmitted wave, and

pc 1s the characteristic impedance of the air adjacent to the
panel on the receiving side or on the side of incildence.

*Logarithms to the base 10 are used throughout this report.
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For the particular, but very frequently encountered, case in
which the ambient conditions are the same on both sides of the
panel, we have plcl = ppCo> and therefore:

TL = 10 log — (51)

It is useful for our purposes to interpret TL in terms of the
pressures in the écoustic waves, principally because our concern
with noise is in terms of its pressure rather than its intensity.
That 1s, questions of structural fatigue, equipment malfunction,
hearing loss to personnel, and annoyance are related more nearly
to acoustic pressure than to acoustic intensity.

Note that when we speak of "an incident acoustic wave", we
mean the acoustic wave from the source as this wave would exist
in free space before the panel is introduced. That 1is, the pres-

sure in the incident wave does not include a pressure increase at
the surface of the panel due to wave reflection. Thus, we may
expect to use our values of transmission loss directly with the
free-field source acoustic pressures as estimated according to the
procedures 1n Section II. The cases of boundary-layer pressures
and other fluctuating pressures of aerodynamic origin are some-
what special in” that these pressures exist at the surface of a
flight vehicle. These special cases are discussed later in this

section.

Transmission loss 1s a semi-basic property of a given panel,
that is, in many instances the TL of a panel may be specified
independent of the situation in which the panel 1is to be used.

We do, however, allow the TL to be a function of the angle of
incidence of the forcing sound wave. Moreover, the TL is
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actually a function of the characteristic impedance of the air,
on both the transmitting and receiving sides of the panel. 1In
addition, for incident sound fields other than plane-wave fields,
we find in some cases that the TL, when defined in terms of
transmitted intensity relative to incident intensity, no longer
has the form that it has for p;ane waves.

A more basic property of a panel is its transmission im-
pedance, which relatés the acoustic pressure difference across
the panel to the local panel velocity. While the transmission
impedance is more basic than TL, it is also considerably more
complicated to use in the cases where it would add accuracy to
the solution of a problem. Therefore, as a compromise between
complexity and usefulness, we use TL in this report.

The introductory discussion in Section IV indicates how we
develop a value of noise reduction (NR) for a panel whose TIL we
have estimated. The nolse reduction is then the quantity that
we use directly in determining the sound pressure level in a
recelving space behind a panel.

The values of TL that we estimate using the procedures pre-
sented 1n Section III are assumed to be for reference ambient
conditions on both sides of the panel. These ambient conditions
are room temperature and sea level pressure. In Part C of
Section IV we will consider the corrections due to changes in
ambient condition. We assume that the panels are surrounded by
alr. Other corrections would be required for a panel in contact
with other gases. These corrections can be derived from the
material in Part C of Section IV,
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A. General Approach and Summary of Procedures

In estimating the acoustic transmission loss of a given
aircraft-structure; we divide the frequency range of interest
into a number of regions. We estimate the transmission loss
in each region by appropriate procedures, and then Jjoin the

estimates.

A general structure or panel can have the following types
of behavior in frequency regions listed in order, ruﬁhing from
low frequencles to high frequencies:

Region a.
Region b.
Region c.

Region 4.

Region e.

Region f.

Panel motion controlled by stiffness of
panel and supporting structure

Panel motion subject to major panel or
structure resonances

Panel motion controlled princlpally by
panel surface weight (mass-law region)

Panel motion affected by coilncidence
effect (transmission loss drops below
mass law)

Panel motion governed by panel damping
in recovery from coincidence "dip"

Panel motion at highest frequencies
governed by damping and panel-size
effects. )

Not every panel or structure will exhibit all of the types
of behavior listed above. The various regions can overlap or
can fall outside the frequency range of interest.
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Summary of Procedures for Estimating TL

The following steps are involved in estimating the TIL of a
panel (These procedures are illustrated in Figure 49):

l. Preparatory to estimating the transmission loss, calculate
the following quantities for the panel under consideration:

a) Frequencies at which major panel or structural reso-
nances are expected. The resonances of interest are
those for which the panel has a large average dis-
placement. See Section III-B.

b) Mass-law transmission loss for 4509 angle of incidence

at 400 cps, as given by Fig 46 or by the following
equation:

TLyoo = 21 + 20 log g (db) (52)

where g = average panel surface weight, 1lbs/sq ft2.

Eq (52) 1s valid for g > 0.25 lbs/th. A curve showing
‘mass-law TL for the panel should be drawn based on the
information in Fig 46. This 45° mass-law curve is the
reference curve used in several of our procedures for
estimating TL.

¢) Coincidence frequency fc’ the frequency at which the
velocity of bending waves 1in the panel equals the
velocity of sound in the space on the receiving side
of the panel. See Section III-H. 1In certain cases,
for example, with plates stiffened by longitudinal
members, it is possible to have two coincidence fre-
quencies: a lower coincidence corresponding to the
velocity of bending waves in the total structure, in-
cluding stiffeners, and an upper coincidence frequency
determined by the velocity of bending waves in the
plate (skin) alone.
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2.

d)

An estimate of the damping of the panel in the fre-
quency range Just above coincildence. The degree of
damping of a panel is described in terms of a damping
factor, n. This damping factor is directly associated
with the sharpness or "Q" of the panel resonances,
with the decay rate of a given disturbance in the
panel, with the attenuation of bending waves in the
panel, etc. We specify three degrees of damping as

follows:
Approximate
Damping Category Damping Factor, 70
Low 0.007
Medium 0.03
High 0.1 ///'

Panels to which no damping materials have been applied
are expected to fall into the category "low damping".
In order that a panel have "high damping", it must
either be of rather special construction, or must be
heavily treated with damping material. The category
"high damping" represents a probable practical upper
l1imit of damping in alircraft structures. Panels having
only a moderate amount of damping material applied are
expected to fall into the category '"medium damping".
Untreated panels with rather "lossy" edge conditions
will probably also fall into the medium damping
category.

Low Frequency Region Below Major Resonance

by

Estimate the TL at a frequency 1% in the stiffness-controlled
region below the first major panel resonance from the following

relation:
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£
TL.(j%., stiffnes%> = 20 log (&f,) - 29 (53)

where

I

g = panel surface weight (1bs/ft2)

£

1 fundamental resonance frequency (cps)

Estimate the TL in the region below resonance by passing a
line with slope -6 db per octave through the TL value estimated
by
1
at—n—.
An equivalent alternate procedure for determining the TL at
. -
1 1 o
Tr'is the following:

a) Mark the frequency fl, the fundamental resonance
frequency of the panel, on the reference, 450
mass law chart mentioned in Item 1lb above.

--\ £

b) Choose the TL at * to be 2 db higher than the

450 mass law attenuation at £y.

¢) Pass a line with slope -6 db per octave through
t
the point at 1% i

3. Medium and High Frequency Regions Above Major Resonances.,

Estimate the transmission loss at medium and high frequencies
above the major panel and structural resonances as follows:

a) In the region near and above fc, the sound co-
incidence frequency, use the curves in Fig 47 to
estimate TL; refer to the damping estimate of
Item 14 above.
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b) At frequencies above about 5 f, adjust the estimated
TL curve to pass through an appropriate part of the
shaded region in Fig 47. .The larger the panel (with
respect to the wavelength of bending waves in the
panel) the higher the curve should lie in the shaded
region. Likewise, the effect of high panel damping
would shift our estimate upward in the shaded region.

war e
-

- c¢) In the frequency range starting about two octaves
above the major panel resonance and extending up to
about 0.5 fc, estimate the TL to be the reference
mass-law TL for 45° incidence. Join this part of
the estimated TL curve smoothly to the segment of
the curve described in a)} above.

4, Reglon of Major Structural Resonances

Estimate a TL curve that will joln the low-frequency TL esti-
mated in 2 above to the medium-frequency TL estimated in 3 above
choosing a range of values as follows:

a) Use the reference TL line as an upper limit, ex-
cept where the TL rises to Join the low-frequency
estimates.

b) As a lower limit, use the minimum value given 1in
Fig 48 according to the amount of damping esti-
mated for the major resonances. The abscissa
parameter, Tlh, is the value of the reference,
M5° mass-law TL curve at fl, the fundamental
resonance frequency. See Section III-B for
further discussion of minimum TIL at resonance.
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B. Panel Motion as a Function of Frequency

l. Panel Transmission Loss in the Stiffness-Controlled Region
Below Major Resonance -

To the best of our knowledge, the problem of stiffness-
controlled transmission loss of panels below the first major
panel resonance has been a practically unexplored field. Never-
theless, the problem can be an important one for certain types of
aircraft structures at very low frequencies. It ‘1s possible to
calculate the approximate stiffness-controlled TL of certain very
simple flat panels. The estimating scheme that we present here
for discrete-frequency excitation of flat panels is based on the
results of such calculations. The scheme 1s, however, untested
in detail, and therefore must be regarded as tentative.

When panel curvature is introduced, the determination of
transmission loss becomes exceedlngly complex. We may make a
rough grouping of curved panels into:

a) Curved panels forming an integral part of a
large curved structure, e.g., a cylindrical .
fuselage; and

b) Curved panels that are sufficiently constrained
or otherwise 1solated from adjacent structures,.
so that these panels may be said to behave
practically as independent panels.

In the former case it 1s obvious that the panel motilon
must be strongly dependent on the overall motion of the struc-
ture of which the panel is a part. It is becoming increasingly
evident that at the lower fréquencies (say below about 300 cps
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for a 10-ft-diameter aircraft fuselage) stresses in directions
parallel (or tangential) to the panel surfaces become extremely
important. The state of our understanding of the behavior of
complex structures with curved surfaces 1s not sufficiently ad-
vanced for us to present a general scheme for estimating trans-
mission loss for such structures at low frequencies.

However, in the case of curved panels that are more or less
independent of adjacent panels, we propose as a first approxi-
mation the tentative scheme for flat panels as an estimating
scheme. As the scheme for flat panels is tentative, 1ts extension

bt M R BN -

to curved panels is even more so. It may, however, serve as a
starting ppint in discussing the behavior of such panels.

We have calculated gng effqétive stiffness for uniaxial
bending of a flat plate clamped at its ends and unconstrained at
its two sldes. This stiffness is the ratio of a uniform pressure
to the average panel displacement As such, this stiffness can
be used directly to determine the acoustic transmission loss of
such a panel where the Tl 1s completely controlled by stiffness.

For thils same flat-panel structure we have calculated the
fundamental resonance frequency. This resonance frequency de-
pends on the surface mass of the panel and on the same grouping
-of parameters that appears in the expression for average stiff-
ness. The resulting situation is somewhat parallel to that for
a simple mass-on-a-spring configuration, where the mass and the
spring stiffness determine the resonance frequency uniquely.

We may say that only a fraction, s, of the total surface
mass of the panel participates fully 1in the motion at resonance,
that 1is:

Meffective Tl .(54)
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For the panel configuration that we have chosen to study,
we have expressed the average panel stiffness in terms of the
resonance frequency and the effective surface mass. We expect
that at a frequency two octaves below the fundamental frequency,
rl, the panel motion will be stiffness-limited. The resonance
frequency and the effective surface mass comblne in such a way

£

as to give us the following relation at a frequency 1%:

f

TL 4, stiffness = TL (£ ,.45° mass law) + 10 log s?

+ 15 (55)
where:

TL (fl, 45° mass law) 1s the mass-law transmission loss
for 45° incidence that would be
calculated at a.frequency equal to
the resonance frequency, consider-
ing the total surface mass.
N

Our calculations indicate that for the panel that was
analyzed, a value of s a little greater than 0.2 seems appropriate.
Using this value of s we obtain the following tentative relation
Tor the stiffness-l1imited transmission loss of a panel at a fre-

quency two octaves below 1its fundamental resonance:

f .
TL ( 1 stiffness) = TL (f,, 45° mass law) + 2

S = 20 log (&f;) - 29 (56)
where:

g 1s the total surface weight of the panel (1lbs/sq ft)

fl is the fundamental resonance frequency.
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Information for use 1in estimating the fundamental resonance
frequency for flat panels of various shapes 1s presented 1in
Appendix A, "Vibration Frequency Charts".

In extending our scheme for flat plates to "independent"
curved plates ("type b" discussed earlier), we reason as follows:
Curvature of the plate increases the plate stiffness. Curvature
also raises the fundamental resonance frequency, thus a panel
stiffness estimated on the basis of the fundamental resonance fre-
quency will increase as curvature 1s introduced into the panel.
The assumption that we make 1s that the relation between stiffness

and resonance frequency for curved plates 1is about the same as that

for flat plates. The approonriateness of this assumption remains
to be tested. 1t is, however, a step in the right direction.

The estimation of the fundamental resonance frequency for a
curved panel 1is not a simple matter. Fig 50 shows data presented
by Regler on one particular panel, indicating the upward shift in
resonance frequencies due to curvature. The data in the figure
are for an aluminum alloy panel 11 x 13 inches 1in size, 0.032 in.
thick. The curved panels were cylindracally curved with a radius
of curvature of U4 feet Although not directly comparable, the
two modes in Fig 50 that should most likely 1ndicate the upward
shift in "fundamental" panel resonance are the 100 cps resonance
for the flat panel and the 350 cps resonance for the curved panel.
The 280 cps mode for the curved panel actually would have zero
average displacement, and would not be the most significant from
the noise transmission point of view.

We expect that the stiffening effects of internal pressuri-
zation may be lumped with other stiffening effects. Thus, when
estimates of the fundamental resonance frequency are availahble
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for panels subject to pressurization, these estimates should
be used in determining the stiffness controlled transmission
loss.

2. Effective TL for Broad-band Noise at Panel Resonance.

The procedure given above for panel TL at resonance has
been based on the assumption that the noise source has a well-
defined frequency. This assumption is satisfactory for certain
noises encountered in flight vehicles, e.g., propeller noise.
However, many noises are "broad-band" in character, and this
assumption requires re-examination for such noises. Y'In particular,
the effective TL measured near panel resonance may be significantly
higher for broad-band noise than has been estimated above.. This
measured increase in TL 1s due to the finlte bandwidinh ot the
measurement filter. Thus, if the bandwidth of the panel resonance
is significantly narrower than the filter bandwidth, as 1is often
the case, the measured TL will appear greater than the predicted
TL. This increase in TL can be expressed in simple form if the
spectrum of the noise incident on the panel 1is essentially flat
over the bandwidth of the filter. Thils requirement is met by
many broad-band noises. Then, for octave and for third-octave
filters:

ATL = 10 log 1 for octave filters (57)
eff 2 n

ATL, .. = 10 log 1 for third-octave filters (58)
ert 7-4-(2)1/®

This quantity 1s given in the following table for three
typlcal ranges of damping. The "Q" of the panel resonance, also
given in the table, is the reciprocal of the relati